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DEFINITION OF ABBREVIATIONS AND ACRONYMS
CD Total recoverable cadmium in storm-runoff load, in pounds, or in storm-runoff mean concentration, in micorgrams per liter.
COD
Chemical oxygen demand in storm-runoff load, in pounds, or in storm-runoff mean concentration, in milligrams per liter.
CU
Total recoverable copper in storm-runoff load, in pounds, or in storm-runoff mean concentration, in micrograms per liter.
DA
Total contributing drainage area. DP Dissolved phosphorus in storm-runoff load, in pounds, or in storm-runoff mean concentration, in milligrams per liter.
DRN
Duration of each storm, in minutes, for storm-runoff load and mean-concentration models.
DS
Dissolved solids in storm-runoff load, in pounds, or in storm-runoff mean concentration, in milligrams per liter. 
INTRODUCTION
The U.S. Environmental Protection Agency (USEPA), under section 402(p) of the Water Quality Act of 1987, requires municipalities with populations of more than 100,000 to obtain National Pollutant Discharge Elimination System (NPDES) permits for urban stormwater discharge. This regulation is intended to minimize pollutant loadings from urbanized areas and preserve the quality of streams that receive stormwater. To comply with the conditions of a permit, a municipality must monitor the chemistry of stormwater from areas having residential, commercial, and industrial land uses and estimate annual pollutant loads of selected constituents that are discharged in stormwater and runoff. These estimates will be used by the municipalities to evaluate the magnitude of pollutant loadings and the efficiency of management strategies that are intended to reduce pollutant loads.
Phoenix, Mesa, Tempe, Scottsdale, Glendale, and unincorporated Maricopa County ( fig. 1 ) each have populations of more than 100,000. These municipalities, and other contiguous municipalities with populations of less than 100,000, constitute the metropolitan Phoenix area. Most stormwater in the Phoenix area is routed into drainage channels, which are tributary to ephemeral streams including the Gila, Salt, New, and Agua Fria Rivers. Data on the types and amounts of constituents discharged in stormwater were needed by water-management agencies to design stormwater-management strategies and to assess the effects of stormwater on the water resources of Maricopa County. The U.S. Geological Survey (USGS), in cooperation with the Flood Control District of Maricopa County (FCDMC), monitored stormwater from October 1991 to October 1998 in Phoenix, Tempe, and Glendale. Stormwater was monitored to (1) characterize the chemistry of stormwater and compute annual loadings of selected constituents from drainage basins with urban land uses, and (2) characterize the chemistry of streamflow from two ephemeral streams that receive urban stormwater.
PURPOSE AND SCOPE
This report presents physical, chemical, and toxicity characteristics of stormwater from drainage basins with residential, commercial, light industrial, heavy industrial, and undeveloped land uses and characteristics of streamflow from the Salt River and Indian Bend Wash. Estimates of mean seasonal and mean annual constituent loads and volumes of runoff are presented for municipalities in the metropolitan Phoenix area.
Estimates of mean seasonal and mean annual constituent loads are reported for chemical oxygen demand, suspended solids, dissolved solids, total nitrogen, total ammonia plus organic nitrogen, total phosphorus, dissolved phosphorus, total recoverable cadmium, total recoverable copper, total recoverable lead, and total recoverable zinc. This analysis includes data collected from October 1991 to October 1998 from six urban drainage basins sampled by the USGS and nine urban drainage basins sampled by the FCDMC.
Approach
Drainage basins with a predominant land use were monitored so that stormwater from areas with different land uses could be characterized. The duration of storm flow typically is short (1-2 hours) and makes sampling difficult. Stormwater-gaging stations were instrumented with equipment that allowed remote monitoring of rainfall and stream discharge and connected by phone lines, so that field crews could get to the sites and manually collect grab samples before runoff stopped. Stormwater-gaging stations were instrumented with automatic samplers to collect flow-weighted discrete samples representative of the event and to reduce personnel requirements for the study. Six drainage basins were monitored by the USGS. The FCDMC monitored nine urban drainage basins using a similar approach.
Load estimates were made by adjusting regional regression equations (Driver and Tasker, 1990) for local applications. Land-use data and a geographic information system (GIS) were used with the adjusted equations to estimate constituent loads and volume of runoff from each municipality.
Monitoring stations were installed in drainage basins with residential, commercial, light industrial, heavy industrial, and undeveloped land uses. Drainage basins with a predominant land use were selected so that stormwater from different land uses could be characterized. Additional criteria for the selection of drainage basins included (1) an outfall at which a stage-discharge rating could be developed so that stream discharge could be computed, (2) definite drainage-basin boundaries so that drainage-basin characteristics could be computed, and (3) a contributing area of less than 1,920 acres so that data would be consistent with data used to develop regional regression equations (Driver and Tasker, 1990, 
Description of the Study Area
The study area is in a broad, flat basin in south-central Arizona ( fig. 1) . The basin is about 1,000 to 1,300 ft above sea level and slopes downward from east to west. The highest peak in the surrounding mountains (North Mountain, Squaw Peak, Camelback, and South Mountain) is about 2,700 ft above sea level in South Mountain Park. The metropolitan Phoenix area is about 957 mi 2 and includes the cities of Chandler, Gilbert, Glendale, Guadalupe, Mesa, Paradise Valley, Peoria, Phoenix, Scottsdale, Tempe, Tolleson, and Youngtown.
The combined population of municipalities included in this study is 2,501,685 (Maricopa Association of Governments, 1998), which is about 89 percent of the total population of Maricopa County. Residential and open spaces are the most abundant land-use types and constitute about 62 and 18 percent of the metropolitan Phoenix area, respectively (Maricopa Association of Governments, 1998) . The remaining 20 percent includes other land uses such as commercial and industrial, and land used for parks and schools.
Maricopa County is in the northern Sonoran Desert climatic zone. The maximum mean monthly temperature is 105.3°F, and the minimum mean monthly temperature is 41.6°F (National Oceanic and Atmospheric Administration, 1998; table 1, this report). Mean annual rainfall, for years 1954-90, at Sky Harbor International Airport was 7.66 in. Most of the annual rainfall occurs from two weather patterns that have distinct characteristics (table 2). About 40 percent of the annual rainfall occurs between July and October from subtropical monsoons that originate from the Gulf of Mexico and Gulf of California and typically are short-duration, high-intensity thunderstorms. About 50 percent of the annual rainfall occurs between November and March from cold fronts that originate in the Gulf of Alaska and typically are long-duration, low-intensity storms. The remaining 10 percent of the annual rainfall occurs between April and June and could be the result of either type of weather pattern. Urban stormwater was monitored at six drainage basins in Maricopa County by the USGS (water years 1991-98). These basins were chosen on the basis that they consist mainly of a single land use. Two basins were residential land use, one was commercial land use, one was light industrial land use, one was heavy industrial land use, and one was undeveloped land use. The basins ranged from 3.4 to 1,120 acres in size and from 1 to 94 percent in impervious area (table 3). Runoff at this location discharges into the Salt River. Streamflow-gaging station 09512165 is in the central part of the metropolitan Phoenix area, and less than about 5 percent of the drainage area is urbanized. The Salt River is ephemeral and typically flows only during large storms in the metropolitan Phoenix area or when dams upstream from Maricopa County release water. Most streamflow samples were collected during the flood of 1993 when water was released from dams on the Verde and Salt Rivers and streamflow reached a maximum of 129,000 ft 3 /s on January 8, 1993, as recorded at streamflow-gaging station Salt River at Alma School Road near Mesa (09512060, Smith and others, 1994) .
DATA-COLLECTION METHODS
Storm-runoff data, precipitation data, and water samples were monitored and collected by the USGS using the following equipment:
• Campbell Scientific Instruments, Inc., CR10 datalogger, and SM192 storage module, Measurement of streamflow stage and precipitation and the activation of the automatic-pumping sampler were managed by the CR10 datalogger. The datalogger was programmed to record gage height and precipitation, calculate stream discharge, and activate the automatic-pumping sampler when a specified volume of water had been discharged from the drainage basin. The datalogger also initiated a telephone call to project personnel when precipitation or discharge was measured so personnel could make manual discharge measurements for ratings verification and manually collect the grab portion of the water sample during runoff. Data were recorded at 1-minute intervals when either rainfall or stream discharge was being measured. During dry periods, the data were recorded once a day (at midnight).
Precipitation
Precipitation was measured at all urban monitoring stations using tipping-bucket rain gages. The rain gages transmitted electrical pulses to the dataloggers each time 0.01 in. of rainfall was measured. Rainfall intensity was then measured by calculating the number of pulses received by the datalogger each minute. Accumulated rainfall was calculated by summing the number of pulses for the duration of each storm. The rain gages generally were cleaned and calibrated twice a year.
Data-Collection Methods 7 Stream Discharge
Stream discharge is computed from rating curves that define the relation between gage height (the watersurface elevation of the stream) and an associated discharge. Gage height was measured at six urban drainage basins monitored by the USGS using a Conoflow and pressure-regulator system. The Conoflow and pressure regulator maintain a constant rate of nitrogen flowing through a tube that extends from the gaging station to an orifice at the bottom of the channel or culvert. The pressure required to maintain a constant flow rate through the tube increases as stage increases. Pressure in the tube was measured by a pressure transducer, which was calibrated to within 0.02 ft and placed 3 to 5 ft underground to reduce effects of ambient temperature on measurements. The exception was at 27th Avenue at Salt River (09512403) where the transducer was placed in the culvert and thermally insulated. Gage height was measured continuously by a float and tape system at Indian Bend Wash at Curry Road, at Tempe (09512162) and intermittently measured manually using a wire-weight gage at Salt River at Priest Drive, near Phoenix (09512165).
Stage-discharge ratings for five of the six stormwater monitoring stations originally were developed on the basis of channel geometry and slope using the slope-conveyance method (Kennedy, 1984) . The ratings were refined later by making manual discharge measurements at each of the stations. Instantaneous discharges at stormwater monitoring stations were computed by programming the datalogger with a log-normal regression equation that was fitted to the stage-discharge rating of each station. Stream-discharge volumes were computed by multiplying the mean of two consecutive instantaneous discharge measurements by 60 seconds to obtain the mean volume of stream discharge during that 1-minute interval. The mean volumes were summed to obtain the total volume of runoff.
A stage-discharge rating based on historical recorded gage heights and instantaneous discharge measurements were used at Indian Bend Wash (period of record water years 1993-98) and South Mountain (period of record water years 1961-93) stations. Discharge measurements were made using either a Price pygmy meter or Price AA meter and the 0.6-depth or 0.2-and 0.8-depth wading method or bridge method (Rantz and others, 1982) . Discharge measurements were made when streamflow samples were collected from the Salt River at Priest Drive and were used to verify developed stage-discharge ratings.
Stormwater and Streamflow Samples
Water samples were collected from urban drainage basins by automatic-pumping samplers and by manually collecting grab samples. Field measurements were made when grab samples were collected. The automaticpumping sampler is a portable, nonrefrigerated unit calibrated to pump a specified volume of stormwater per sample. Intakes are anchored to the streambed in the centroid of flow. Twenty-four Teflon-lined, 1-liter, polyethylene bottles were used to collect flow-weighted discrete samples that were pumped when a specified volume of water had discharged from the drainage basin past the measuring point. Samples were chilled to 4 o C and transported to the Tempe field office for processing. The specific electrical conductance of each of the 24 discrete samples was measured before the samples were composited. The samples were poured into a Teflon-lined, stainless-steel churn splitter to split the composite sample into bottles required for each chemical analysis. In addition to whole-water samples, samples for the determination of dissolved constituents were collected and were filtered using 0.45-micron effective pore-size cellulose filters. Preservatives then were added to sample bottles as required. All components of the sampling equipment that came into contact with sample water were constructed of either glass, Teflon, or stainless steel, except for the silicon-rubber distribution hose in the automatic-pumping sampler. Equipment that was in contact with sample water was cleaned by washing with Liquinox followed by a rinse of tap water, a rinse of ultrapure methanol, and a final rinse of deionized water.
Field measurements of dissolved-oxygen concentration, pH, specific electrical conductance, and temperature were measured when grab samples were collected. A Corning Checkmate 90 meter and electrodes were used for all field measurements, and the meter was calibrated using standard solutions before each measurement.
Water samples were collected from Indian Bend Wash and the Salt River using the equal-width-increment with depth-integration method and by collecting grab samples. For the equal-width-increment method, depthintegrated samples were collected at equal distances perpendicular to the direction of flow during a period of time. Samples then were composited in a Teflon-lined churn splitter in the field to obtain a single sample that is representative of the stream at a specific time, generally the mean time between the begin time and the end time of the sample collection. The composite was transported back to the Tempe field office and processed as stated above. Field measurements were made in the same manner as those at the stormwater stations.
All samples were analyzed within appropriate holding times by the USGS National Water Quality Laboratory in Arvada, Colorado, or by the USGS Laboratory in Ocala, Florida. Alkalinity and acute toxicity were measured in the Tempe field office. Alkalinity was measured using the inflection-point method.
SELECTED PHYSICAL, CHEMICAL, AND TOXICITY CHARACTERISTICS
A total of 144 stormwater and streamflow samples was collected and analyzed from October 1991 to October 1998 to characterize stormwater from 6 drainage basins monitored by the USGS and streamflow from the Salt River and Indian Bend Wash. Two hundred-fifty samples were collected and analyzed from nine stations by the FCDMC. Concentrations measured in flow-weighted composite samples are the mean concentrations for a storm (event-mean concentration); whereas, concentrations measured in equal-width increments and manual-grab samples are concentrations at a specific point in time on the hydrograph (instantaneous concentrations). Unless stated otherwise, concentrations referred to in this report are event-mean concentrations. Quality-assurance and quality-control data are not presented in this report, but are available on request from the Tempe office of the USGS. Data presented at the end of this report were collected by the USGS from October 1995 to October 1998. Data collected prior to October 1995 were published in Lopes and others (1995) and in Fossum and Davis (1996) . Data collected by the FCDMC (water years 1991-98) were used in all statistical and regression analyses and can be requested from the FCDMC.
Physical Characteristics
Stormwater and streamflow temperatures ranged from 8 to 32°C, and the initial runoff from Agua Fria tributary at Youngtown, 43rd Avenue and Peoria Avenue at Phoenix, and 48th Street Drain at Tempe typically was black in color. Event-mean specific-conductance values from stormwater basins ranged from 17 to 894 µS/cm, and instantaneous specific-conductance values of samples from streamflow basins ranged from 309 to 880 µS/cm. In general, specific conductance decreased over the duration of storms, indicating that most soluble constituents were washed from exposed surfaces during the initial part of a storm or were diluted with additional rainfall. Specific conductance increased during some storms at 48th Street Drain and 27th Avenue (industrial sites). The increase could be due to runoff from areas in the drainage basin arriving at the stormwater-gaging station at different times.
Dissolved-solids concentrations from stormwater basins ranged from 15 to 1,290 mg/L; about 75 percent of samples contained less than 160 mg/L (table 4). These low concentrations indicate that the drainage basins have few soluble solids, that stormwater had little effect on dissolving solids from exposed surfaces, or that the concentrations of soluble solids were diluted. Instantaneous dissolved-solids concentrations from streamflow basins ranged from 94 to 648 mg/L; about 80 percent of the samples contained more than 200 mg/L. These values indicate that the dissolved-solids concentrations of streamflow could be diluted by stormwater.
Suspended-solids concentrations from stormwater basins ranged from less than 1 to 4,800 mg/L. Instantaneous suspended-solids concentrations from the Salt River and Indian Bend Wash ranged from 3 to 1,140 mg/L. The mean suspended-solids concentration for stormwater basins was 265 mg/L, and the mean for streamflow basins was 173 mg/L. The difference between stormwater and streamflow indicates that stormwater discharge could increase suspended-solids concentrations in streamflow.
Selected Physical, Chemical, and Toxicity Characteristics 9
Chemical Characteristics
Values of constituent concentrations commonly varied by an order of magnitude among the drainage basins and are log-normally distributed. Stormwater and streamflow had pH values from 5.7 to 9.3, which are typical values for most river waters (Hem, 1985, p. 64) . Acid-neutralizing capacity values ranged from 7 to 363 mg/L as calcium carbonate, and alkalinity values ranged from 5 to 142 mg/L as calcium carbonate. For all samples, acid-neutralizing capacity exceeded or was about equal to the alkalinity. Dissolved-oxygen concentrations ranged from 4.8 to 12.7 mg/L, because of mixing conditions and organic contaminants in the runoff. Low dissolved-oxygen concentrations occurred in samples that were black in color, possibly because of organic matter. Calcium and bicarbonate were the predominant dissolved ions in samples from stormwater basins; sodium and chloride were the predominant dissolved ions in samples from the streamflow basins (see table 16 in the section entitled "Selected Water-Quality and Toxicity Data for Flow-Weighted Composite and Instantaneous Samples of Stormwater and Streamflow" at the back of the report).
Ranges in trace-metal (total recoverable) concentrations for all land uses were similar, except for heavy industrial land use. Large trace-metal concentrations for heavy industrial land use mostly are due to the large suspended-solids concentrations from 27th Avenue, which has only 15-percent impervious area. Heavy industrial land use typically has about 75-percent impervious area and probably contributes less suspended solids to stormwater runoff.
Nutrient concentrations in stormwater samples varied by two orders of magnitude. In stormwater basins, values for ammonia plus organic nitrogen (total) varied from less than 1 to 18.8 mg/L. The mean was 3.54 mg/L, and the median was 2.6 mg/L. Total phosphorus varied from less than 0.05 to 10 mg/L. The mean was 0.88 mg/L, and the median was 0.53 mg/L. Dissolved phosphorus varied from less than 0.05 to 2.6 mg/L. The mean was 0.38 mg/L, and the median was 0.28 mg/L. Mean values for ammonia plus organic nitrogen (total), total phosphorus, and dissolved phosphorus were 1.04, 0.30, and 0.09 mg/L, respectively. These values indicate that stormwater discharge could increase the nutrient concentrations in streamflow. Chemical oxygen demand (COD) for stormwater basins ranged from less than 20 to 21,000 mg/L. COD had a mean of 256 mg/L and a median of 131 mg/L. COD for streamflow basins ranged from less than detection limit to 330 mg/L and had a mean of 39 mg/L. These values indicate that stormwater discharge could increase COD concentrations in streamflow.
Toxicity Characteristics
Acute toxicity was measured at four stormwater stations and one streamflow station using photoluminescent marine bacterium (Photobacterium phosphoreum) to identify adverse effects of stormwater on aquatic organisms (Microbics Corporation, 1992) . These bacteria emit light as a byproduct of metabolic processes that are sensitive to sample toxicity. If a sample contains harmful levels of chemical constituents, the light output of the organisms is decreased significantly. Four different concentrations of a sample of unknown toxicity were prepared, and roughly one million bacteria were exposed to each concentration. The effective concentration, expressed as a percentage of sample that reduces the light output of the bacteria by 20 percent (EC20), was determined using a spectrophotometer after sample exposures of 5 and 15 minutes.
Example: These measurements were compared to the light output of a reagent blank not exposed to the sample. The difference in light output between the blank and the sample is attributed to the toxicity of the sample on the organisms. Acute toxicity was measured for whole-and filtered-water samples. Certain constituents have a nearly immediate toxic effect, and other constituents are toxic over longer periods of time. Some chemicals or compounds in concentrations just below toxic levels can stimulate the organisms to emit more light.
The toxicity results show that stormwater has a variable toxic effect (table 5) . About 80 percent of stormwater samples had some toxic effect on aquatic organisms. Streamflow toxicity samples were collected only at Indian Bend Wash. These streamflow samples had no toxicity or stimulative effect on the bacteria. A mixture of stormwater and streamflow, however, could have a toxic effect on aquatic organisms.
ESTIMATES OF CONSTITUENT LOADS
Estimates of constituent loads for the 11 constituents designated by the USEPA that are discharged in stormwater from each municipality are part of the NPDES permit requirements. Drainage-basin characteristics and storm characteristics determined by the USGS and the FCDMC from 1991 to 1998 were used with regional regression equations (Driver and Tasker, 1990) derived from data collected during the late 1970s and early 1980s to predict constituent loads. These predictions were compared with measured loads to evaluate the accuracy of the regional regression equations. The equations then were adjusted for application to unmonitored basins in the metropolitan Phoenix area. The adjustments are regression equations that combine the regional regression equations and local data. The adjusted equations are based on a large data set that includes data from 394 local storms collected from 1991 to 1998 and 348 regional storms collected during the late 1970s and early 1980s (Driver and Tasker, 1990) .
Procedures for adjusting the regional regression equations (model-adjustment procedures, MAPs) are described by Hoos and Sisolak (1993) . In this report, the term prediction (P u ) refers to a value computed from the regional regression equations that has a corresponding measured (observed) value. The term estimate refers to a value computed from a regression equation at an unmonitored drainage basin. Drainage basin, land use, and hourly precipitation data (1954-90) from Sky Harbor Airport were used with the adjusted regression equations to estimate constituent loads for each municipality in the metropolitan Phoenix area. The regional regression equations consist of two sets of equations that apply to regions that were delineated on the basis of mean annual precipitation (Driver and Tasker, 1990) . One set of equations uses subsets of 13 explanatory variables to estimate constituent loads and volume of storm runoff (RUN) from urban drainage basins. These variables include total storm rainfall; drainage area; impervious area; land-use percentages; industrial, commercial, residential, and undeveloped; population density; total storm duration; 24-hour storm intensity with a 2-year recurrence interval; mean annual rainfall; mean nitrogen load in precipitation; and mean minimum January temperature. The regression equation variables were determined using a stepwise multipleregression analysis, and the 13-variable equations are referred to in this report as the stepwise equations. The second set of equations uses only total rainfall (TRN), drainage area (DA), and percentage of impervious area (IA) as the independent variables for estimating constituent loads.
Regressions were developed using log (base-10) transformations of the response and explanatory variables. The general form of the detransformed regional regression equation is: ,
where The stepwise and 3-variable equations were used to predict the loads of 11 constituents and RUN for storms that were sampled by the USGS and the FCDMC. The 11 constituents were COD, suspended solids (SS), dissolved solids (DS), total nitrogen (TN), ammonia plus organic nitrogen (total; TKN), total phosphorus (TP), dissolved phosphorus (DP), total recoverable cadmium (CD), total recoverable copper (CU), total recoverable lead (PB), and total recoverable zinc (ZN).
Observed loads were computed by multiplying the volume of runoff from a storm, in cubic feet, by the concentration of the constituent in the flow-weighted composite, in milligrams or micrograms per liter. The product then was multiplied by a conversion factor to obtain load in pounds.
Adjustment of Regional Regression Equations
The stepwise and 3-variable equations underestimated (negative bias) most observed constituent loads (table 6). In general, the 3-variable equations had a lower standard error in predicting the constituent loads than the 13-variable equations. The correlation between predicted and observed values and bias of the predictions can be used to adjust the regional regression equations for local application.
Observed, predicted, and explanatory variable values are log (base-10) transformed before correlations and regressions are computed. Explanatory variables are variable values that correlate with observed loads at a level of 10 percent; only those variables that were not used in the regional regression equations can be used in the adjustment procedure. P u = unadjusted storm-runoff load or volume (response variable) computed using regional regression equation; β o ,β 1 ,β 2 ,β n = regression coefficients for the adjusted regression equations; and χ 1 ,χ 2 ,χ n = explanatory variables including total storm rainfall; drainage area; impervious area; land-use percentages (industrial, commercial, residential, and undeveloped); total storm duration; 24-hour storm intensity with a 2-year recurrence interval; mean annual rainfall; mean nitrogen load in precipitation; and mean minimum January temperature; and BCF = bias-correction factor that corrects for systematic biases that occur during the detransformation of the explanatory variables.
Correlations were computed between loads and the following explanatory variables: TRN, DA, IA, residential land use (LUR), commercial land use (LUC), industrial land use (LUI), undeveloped land use (LUN), and storm duration (DRN; table 7) .
The MAP used to adjust each regional regression equation was selected according to the guidelines described by Hoos and Sisolak (1993) . The guidelines are a series of conditional statements that lead to either (1) a regression (designated R-P) that uses only predicted constituent loads if predicted and observed constituent loads are correlated positively and biased or (2) a regression (designated R-P+nV) that uses predicted constituent loads and additional explanatory variables if a correlation and (or) bias do not exist, and the additional explanatory variables correlate with observed loads. This method adds additional variables to get a correlation and bias between predicted and observed loads. The n in the R-P+nV regression equals the number of explanatory variables used in the regression. 
where When the MAP adjustment procedures failed, local regression equations (based solely on data collected in Maricopa County) were developed for suspended solids, dissolved solids, total phosphorus, dissolved phosphorus, total recoverable cadmium, total recoverable copper, total recoverable lead, total recoverable zinc, and storm runoff. These equations were developed using either a stepwise regression of 13 explanatory variables or a regression of 3 variables (see page 13), using log-transformed data from data collected locally.
The MAPs and local regressions greatly reduced the standard errors of the regional regression equations (compare columns 3 and 7 of table 6 with columns 3 and 5 of table 8). The selected adjusted equations for estimating constituent loads are listed in table 9, and the standard errors of the estimate are listed in table 10. = the adjusted storm-runoff load or volume at unmonitored station i;
= the unadjusted storm-runoff load or volume;
= explanatory variables used in the adjusted regression equations; = regression coefficients for the adjusted regression equations; and BCF' = bias-correction factor for the adjusted regression equations. In the cases of suspended solids, total phosphorus, and dissolved phosphorus, the local three-variable regression was chosen even though the stepwise regressions had a lower standard error of the estimate. The three-variable regression was chosen because it removed the variability of land use, which is a component in the stepwise regressions. The variability of land-use characteristics caused a problem with the estimates of loads, the relation of suspended solids and dissolved solids, and the relation of total phosphorus and dissolved phosphorus. An assumption was made from the observed loads that suspended-solids loads should be larger than dissolvedsolids loads, and total-phosphorus loads should be larger than dissolved-phosphorus loads. Local three-variable regressions were used to make this relation true.
Load Estimates for Phoenix and Surrounding Municipalities
The equations shown in table 9, land-use data, and municipality and drainage-basin boundaries were used to estimate constituent loads for each municipality. Land-use and boundary data were obtained from the FCDMC and stored in a GIS. Each municipality and major drainage basin was subdivided into sections of 640 acres or less, and equations were applied to each section. This area was selected because 640 acres is about the mean area of drainage basins used in the adjustment procedures.
Each land-use type was assumed to be represented by a specific percentage of impervious area (Flood Control District of Maricopa County, 1993) . The amount of each land use and impervious area in each of the sections was quantified using a GIS. Noncontributing areas, such as lakes and canals, areas with agricultural land use, and areas within a municipality but not part of the municipality were excluded from all computations when possible. The metropolitan Phoenix area, however, has many dry wells and retention basins, and data on their locations and contributing areas are not available. Constituent loads presented in this report, therefore, could be overestimated.
Runoff from summer monsoons and winter cold fronts contributes to the annual constituent loads in Phoenix and the surrounding areas. Both types of storms have a mean TRN of 0.46 in., but summer and winter storms have different mean DRNs, 5.06 and 14.1 hours, respectively. Either type of storm can occur during spring (April through June); storms during this period have a mean storm TRN of 0.36 in. and a mean DRN of 8.56 hours. Mean TRN and DRN values were calculated by using log (base 10) transformed rainfall data from Sky Harbor International Airport from 1954 to 1990 and by specifying the number of hours without rainfall to differentiate storms (table 2). Varying the time between storms by 50 percent had little effect on the mean TRN and storm frequency. The mean annual rainfall is 7.66 in. (National Oceanic and Atmospheric Administration, 1998; table 1, this report).
Mean seasonal loads for suspended solids, dissolved solids, total nitrogen, ammonia plus organic nitrogen (total), total phosphorus, and dissolved phosphorus are the same for summer and winter (tables 11 and 12) because they have the same mean TRN. Mean seasonal loads for spring storms were estimated using the mean TRN value of 0.36 in. (table 13) . Mean annual constituent loads were estimated by summing mean seasonal constituent loads (table 14). Mean seasonal and mean annual volumes of runoff also were estimated (table 15). Estimates were made by assuming that rainfall at Sky Harbor International Airport represents the entire Maricopa County area. On the basis of rainfall records, the eastern part of the metropolitan Phoenix area, however, received more rainfall than other areas during this study. Orographic effects of the surrounding mountains could be a significant factor influencing the areal distribution of storm characteristics, mean annual rainfall, and constituent loads. Total storm rainfall can vary 1 in. or more from one side of the metropolitan Phoenix area to the other. 
SUMMARY
From October 1991 to October 1998, stormwater was sampled in the metropolitan Phoenix area from six drainage basins with residential, light industrial, heavy industrial, commercial, and undeveloped land uses. Streamflow was sampled from the Salt River at Priest Drive, near Phoenix (09512165) and Indian Bend Wash at Curry Road, at Tempe (09512162). Stormwater also was sampled at nine drainage basins with residential, industrial, commercial, and mixed land use during 1991-98 by the FCDMC. Initial runoff from several sites typically was black in color. Specific-conductance values commonly decreased during storms; the decreasing values indicated that most soluble constituents were washed from exposed surfaces in the initial runoff or that constituent concentrations were diluted. Event-mean concentrations of constituents measured in stormwater commonly varied by an order of magnitude. Instantaneous concentrations of most constituents measured in streamflow from the Salt River and Indian Bend Wash were within the range of concentrations measured in stormwater from urban drainage basins. Event-mean concentrations of chemical oxygen demand, total suspended solids, and most nutrients were greater in urban stormwater than in streamflow.
Mean seasonal and mean annual loads of 11 constituents and volumes of runoff were estimated for municipalities in the study area. Constituent loads were estimated by using data collected in the study area to adjust regional regression equations for local application. The equations requiring the R-P+nV adjustment procedure to estimate constituent loads for COD, total nitrogen, and ammonia plus organic nitrogen (total) had standard errors that ranged from 161 to 296 percent. The large standard errors of the prediction are due to the large variability of the constituent concentration data used in the regression analysis. The MAP procedures could not be used to adjust the regression equations for suspended solids, dissolved solids, total phosphorus, dissolved phosphorus, total recoverable cadmium, total recoverable copper, total recoverable lead, total recoverable zinc, and storm runoff because there were no correlations with additional explanatory variables. Local regressions were developed for these constituents using only data collected locally. Land-use data, rainfall data, and a GIS were used with the adjusted equations to estimate constituent loads and volume of runoff from each municipality. 
